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CryoSat-2 along-track measurements are averaged within 1 month on a 25 x 25 km 
EASE2 grid. Time series from 2011-2015 reveal strong inter-annual variations:
2015Hypothesis: The snow cover significantly affects the CS-2 freeboard 
retrieval by either snow backscatter or signal absorption in warmer 
periods 
Why we are interested in this:
Accurate sea-ice thickness and volume estimates on a global scale
Uncertainty estimates for model assimilation /  initialization  
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The impact of snow on the waveform
Price et al. (2015): Evaluation of CryoSat-2 
derived sea ice freeboard over fast-ice in 
McMurdo Sound, Antarctica.  
CryoSat-2 validation lines on fast-
ice in McMurdo Sound (Antarctica):
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(snow properties and surface roughness) on the resultant
freeboards from each technique:ESAL2,WfF and TFMRA40.
This supervised analysis also provides information on the
estimated accuracy of CS-2 freeboard retrievals over the fast
ice in McMurdo Sound. With information gained in an initial
evaluation,we subsequently develop three automatic free-
board retrieval procedures and assess the sea-ice regime in
McMurdo Sound for the entirety of 2011 and 2013.
First,we describe the study area of McMurdo Sound and
in situ information and provide an overview of CS-2 in
Section 2. In Section 3,we describe and discuss the surface
height retrieval procedure for CS-2 under each technique. In
Section 4,we manually identify sea surface height and
complete a supervised freeboard retrieval investigation
providing freeboard estimates for each technique and report
the findings of these results and their implications. Following
this,in Section 5,we describe the three automatic algorithms
used to assess the years 2011 and 2013 in a larger area of
McMurdo Sound. Results from these automated procedures
are then reported and discussed in the final sections.
2. CRYOSAT-2 ASSESSMENT IN McMURDO SOUND
This section describes the study area of McMurdo Sound,the
in situ investigation and provides an overview of CS-2. The
study area (Fig. 3) is located in the southwestern Ross Sea and
occupies an area of ⇠6400 km2. McMurdo Sound’s proxi-
mity to ice shelves and the outflow of cold ice-shelf water
from the ice-shelf cavity contributes to sea-ice formation in
this area (Purdie and others,2006;Dempsey and others,
2010;Mahoney and others,2011;Gough and others,2012;
Price and others,2014). This influence is hypothesized to be
present in similar settings around the Antarctic with potential
basin-wide implications (Hellmer,2004;Bintanja and
others,2013). At the time of writing,McMurdo Sound
harbors a first-year (FY) sea-ice regime with extensive areas
of highly homogeneous fast ice in its southern and western
extremities and the McMurdo Sound Polynya (MSP) at its
center. The MSP undergoes complete freeze-up and break-
out events throughout autumn and winter but is typically
open water during spring and summer. This open-water area
can become intermittently inundated with a cover of sea-ice
floes that have drifted south from the Ross Sea.
2.1. In situ investigations
During two in situ measurement campaigns in November
and December 2011 and 2013,sea-ice freeboard,thickness
and snow depth/density measurements were made for
comparison with CS-2 freeboard retrievals. The locations
of in situ measurements within McMurdo Sound are shown
in Figure 3. The in situ measurement campaign in 2011
along with an overview of sea-ice conditions in McMurdo
Sound is described in Price and others (2014),and these
same measurement procedures were carried out in 2013.
Even though the sea-ice conditions in 2013 were very
similar to 2011,it is important to note that surface
conditions were slightly different with regard to the snow
cover and surface roughness. The first of the differences was
related to sea-ice deformation. The sea-ice cover was more
deformed in the west in 2013,resulting in higher geometric
surface roughness. The second notable difference was in the
snow cover. In 2011 the snow was characterized as wind-
compacted,with a large variability in hardness,density and
Fig. 2. (a) Typical CryoSat-2 SIN mode waveform over snow-
covered sea ice in McMurdo Sound with labelling of characteristics
mentioned in the text. (b) An expanded view of the outlined grey
area in (a) from range bins 140–170 (1 bin = 0.234m) and the
expected retracking points on the leading edge for the techniques
described here:ESAL2 (40–70% orange),WfF (50–90% green) and
TFMRA40 (40% blue).
Fig. 3. (a) Location of the study area within the Antarctic.
(b,c) McMurdo Sound and the study area for 2011 (b) and 2013
(c),showing the distribution of CryoSat-2 tracks for those used in
the supervised analysis (blue lines),the automatic study period
(orange lines) and locations of in situ measurement sites (white
dots). The November fast-ice edge is displayed for each year (white
line). The full study area for each annual automatic analysis is
outlined in green. The validation line in Figure 4 is highlighted by
the black rectangle and expanded in (d) to show each in situ
measurement point (light blue dots) along the CryoSat-2 track.
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Figure 5.3. (a) Location of the study area within the Antarctic. (b, c) McMurdo Sound
and the study area for 2011 (b) and 2013 (c), showing the distribution of CryoSa -2 tra ks
for those used in the supervised analysis (blue lines), the automatic study period (orange
lines) and locations of in situ measurement sites (white dots). The November fast-ice
edge is displayed for each year (white line). The full study area for each annual automatic
analysis is outline in green. The validatio line in Fig. 5.4 is highlighted by th black
rectangle and expanded in (d) to show each in situ measurement point (light blue dots)
along the CryoSat-2 track.
(FY) sea-ice regime with extensive areas of highly homogeneous fast ice in its southern
and western extremities and the McMurdo Sound Polynya (MSP) at its center. The MSP
undergoes complete freeze-up and breakout events throughout autumn and winter but
is typically open water during spring and summer. This open-water area can become
intermittently inundated with a cover of sea-ice floes that have drifted south from the Ross
Sea.
5.2.1 In situ investigations
During two in situ measurement campaigns in November and December 2011 and
2013, sea-ice freeboard, thickness and snow depth/density measureme ts were made
for comparison with CS-2 freeboard retrievals. The locations of in si u measurements
within McMurdo Sound are shown in Fig. 5.3. The in situ measurement campaign
re-plotted, Price et al. (2015)
Different power thresholds applied on two stacked 
CryoSat-2 waveforms:  
An observational approach with buoy data
Differences in gridded CryoSat-2 
Arctic modal freeboard between 
November 2013 and March 2013 
retrievals
We apply three different retracker 
thresholds: 40 %, 50 % and 80 %
40 % 50 % 80 % 
Credit CRREL
November - March 2013
Ricker et al. (2015): Impact of snow accumulation 
on CryoSat-2 range retrievals over Arctic sea ice: 
an observational  approach with buoy data. 
Methods
CryoSat-2 measurements 
are collected within a 50 km 
radius (red circle) around a 
considered buoy position 
(red dot)
A log-normal function is 
fitted to the CryoSat-2 
freeboard distribution to 
retrieve the modal sea ice 
freeboard
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For substantial snow accumulation on multiyear ice, we estimate a 
thickness bias = 1.4 m 
Summary and Conclusion
During the snow accumulation periods we only find negative 
trends for the IMB ice freeboard while the IMB snow 
freeboard trends are always positive 
Simultaneously we observe only positive trends for coincident  
CryoSat-2 radar freeboard estimates
Assuming that the anomaly results from snow volume scattering 
only, the mean bias over multiyear ice in 2013 is 1.4 m
Ice dynamics in the vicinity of the buoy locations can interfere 
with these quantifications
